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Abstract







The swash zone marks the transition between the surf zone and dry beach, and represents the region where the beachface is intermittently submerged by wave runup over time-scales ranging from a few seconds to a few minutes.  The swash zone is highly dynamic and is characterised by rapid morphological change caused by strong flows and high levels of turbulence which drive significant quantities of sediment up and down the beachface on the timescale of individual swashes (Turner et al. 2008a).  

Coastal evolution models are used to inform coastal management and can make predictions of morphodynamic change throughout the nearshore, including the formation of sandbars and the development of rip channels.  While these capabilities provide important results, it is the location of the shoreline that is most important to decision makers.  However, the physical processes occurring at the critical land-sea interface represented by the swash zone are some of the least well understood of any in the nearshore, and the majority of coastal evolution models ignore it completely due to the complexity of modelling the moving land-ocean boundary.  Excluding the swash zone in this manner influences both the hydrodynamics and morphological change predicted by the model and makes accurate predictions of beachface gradient and hence shoreline location difficult to achieve.

Clearly a detailed understanding of the swash zone is a requirement if robust predictions of beachface morphological change, and hence shoreline evolution are to be achieved.  It is generally accepted that current lack of understanding is due to the complexity of the fundamental physical processes and the difficulty of making suitable measurements in a shallow, turbulent, rapidly-varying and aerated flow.  Detailed research on swash zone processes has been relatively recent, with much of the early work in the 1980’s and early 1990’s tending to focus on swash runup statistics (e.g. Holman & Guza, 1984; Neilsen & Hanslow, 1991). More recently, the focus has shifted to examining the details of the processes that drive morphological change, i.e. swash zone hydrodynamics and sediment transport, but reviews of the topic stress that considerable work is still required (Butt & Russell, 2000; Elfrink & Baldock, 2002; Masselink & Puleo, 2006).  

In order to validate swash zone sediment transport models, it is necessary to quantify the amount of sediment being transported up and down the beach by swash action.  Estimates of cross-shore sediment flux in the swash zone have been reported by previous investigators using a variety of techniques.  Butt et al. (2004; 2005), Aagaard & Hughes (2006), Masselink et al. (2005) and Puleo et al. (2000; 2003) used collocated measurements of suspended sediment concentration and cross-shore flow velocity to estimate instantaneous sediment flux.  This method has been used to determine net cross-shore sediment flux from individual waves for comparisons with parametric sediment transport models; however it is noted that the approach can only provide information about suspended sediment transport and tends to underestimate the duration of backwash as the flow depth becomes too shallow for valid velocity measurements to be made.  Hughes et al. (1997) and Masselink & Hughes (1998) made use of sediment traps to measure the total sediment load passing a point on the beachface on the uprush and backwash.  Recent measurements by Masselink et al. (submitted) suggest that these traps tend to underestimate total sediment load by a significant factor.

Beach morphological change is the result of time-integrated sediment transport, and consequently estimates of net sediment transport over one or many swash cycles can be obtained from measurements of the changing beachface elevation.  Puleo & Butt (2006) suggested that in order to improve understanding and modelling of swash, there is a need to obtain measurements of swash morphology and hydrodynamics on a swash-by-swash basis to permit net sediment fluxes to be quantified and provide a suitable dataset against which to test modelling approaches.  Regular measurements of beach morphology have been made by several authors to estimate net sediment transport over durations of several minutes or more (e.g. Eliot and Clark, 1986; Holland and Puleo, 2001; Austin and Masselink, 2006; Weir et al., 2006), however as these periods contain numerous swash cycles, relating the calculated values of net sediment flux to swash hydrodynamics is not valid.  Measurements of beachface morphological change at a temporal resolution sufficient to potentially resolve net sediment flux on a swash-by-swash basis have been recorded by several authors, including Waddell (1976), Sallenger & Richmond (1984), Brocchini & Baldock (2008) and Turner et al. (2008b; 2009).  Of these authors, only Brocchini & Baldock (2008) and Turner et al. (2009) used their data to estimate cross-shore sediment flux and none of these studies includes corresponding measurements of swash hydrodynamics.








The data used in this study were obtained during a field experiment at Le Truc Vert beach, France which was conducted during March and April, 2008.  The experiment described here was undertaken within the structure of the multi-institutional ECORS project (Senechal et al., 2008) and forms part of a collaborative swash zone research project between the Universities of New South Wales (Australia) and Plymouth (UK).  Further studies employing the techniques described here have been carried out on a steep, gravel beach at Slapton, UK and on a gravel barrier beach at prototype scale in the Delta Flume, Holland to provide comparative data for a range of sediment types, tidal ranges and wave conditions.















Measurements of swash hydrodynamics and morphological change were made using a total of 89 sensors installed on a large (28m x 4m) scaffolding rig (Figure 2) which was deployed just seaward of  the point of maximum swash excursion at spring high tide (Masselink et al., submitted).  High frequency bed-level data were recorded using an array of 45 ultrasonic bed-level sensors.  The sensors were mounted 1 m above the bed in 3 cross-shore lines with a spacing of 1.9 m.  The sensors are described by Turner et al. (2008b; 2009) and when mounted perpendicular to the bed, make non-intrusive Eulerian measurements of the vertical distance to the closest target (bed-level when the bed is dry and swash height when the bed is wet) based on the time of flight of a reflected signal.  
                                 
Figure 2. Photograph of the scaffolding rig deployed on the beach at Le Truc Vert.

To complement the morphodynamic measurements made by the ultrasonic bed-level sensors, additional instrument stations were placed at five cross-shore locations along the centre of the scaffolding rig to provide concurrent measurements of swash hydrodynamics.  These instrument stations were similar to those described by Masselink et al. (2008) and comprised electromagnetic current meters (EMCMs) to measure the swash current profile in both the long and cross-shore direction, an array of optical backscatter sensors (OBS) to estimate suspended sediment concentrations, and pressure transducers to provide water depths and information about through bed flow.  These instruments were hard-wired to a bank of time-synchronised (GPS clock) computers and sampled, with the bed-level sensors at 4Hz.

Offshore wave data were recorded by a waverider buoy in a water depth of 20m, while nearshore wave and water level data were measured by an ADV positioned 20 m offshore of the main scaffold rig.  To put the high-frequency bed-level measurements into the context of the wider beach area, topographic surveys were completed on every low tide along 11 cross-shore transects, spaced 20 m apart and extending from the foredunes to the mean low tide line.






3.1	Measurements of swash-by-swash bed-level change

Figure 4 shows a 30 minute segment of data obtained from a single bed-level sensor located in the upper swash during the Truc Vert experiment.  The values on the plot represent the elevation of the uppermost surface beneath the sensor (bed-level when the bed is dry and swash elevation when the bed is wet) corrected for temperature effects.  Examining this trace, the vertical spikes represent the raised water depth when a swash passes beneath the sensor, these periods have a saw-tooth profile typical of swash (Hughes, 1992) and for the purpose of this paper are termed “swash events”.  Between these swash events, the periods where bed/swash elevation remains constant correspond to in-situ measurements of the bed, here termed “bed-level events”.  By comparing the bed elevation during two consecutive bed-level events, i.e. before and after passage of a swash event it is possible to estimate the bed-level change caused by a single swash event.  In order to assess the bed-level change for the many thousands of swash events recorded during the field experiment, the bed/swash elevation data were pre-processed to separate “swash events” from “bed-level events” using the technique detailed by Turner et al. (2008b).


Figure 4.  30 minute time-series of data obtained from a single bed-level sensor located in the upper swash.
By computing the bed-level change caused by each swash at every sensor location, the beachface evolution at the timescale of individual swashes can be examined.  Figure 5(a) presents a time-series of bed/swash elevation data collected during the 16th tidal cycle recorded during the experiment (hereafter Tide 16 which occurred on 26/3/2008) at three positions on the beachface over a five and a half-hour period spanning high tide.  Tide 16 is representative of typical conditions during the study period with an offshore significant wave height of 1.7 m and a peak wave period of 9.4 s.  The upper (red) trace in Figure 5(a) is derived from a bed-level sensor located in the upper swash zone at high tide (x = 38.5 m) and documents 49 swash events that caused progressive accretion of 35 mm over a period of just over two hours around high tide.  The middle (green) trace is derived from a sensor located in the mid swash zone at high tide (x = 44.2 m, see Fig 5(b)).  A general trend of accretion (45 mm over the whole tide) is also observed at this location, though short periods of 









The discussion of Figure 5 above suggests that there is some spatial variation in the observed bed level changes.  To examine this in further detail, Figure 6 presents the frequency distribution and percentage occurrence of recorded bed-level changes at the three sensors shown in Figure 5(a) during Tide 16.  Figure 6(a) demonstrates that the bed-level changes at the two lower sensors (x = 51.8 m and x = 44.2 m) are distributed approximately normally, with approximately the same number and distribution of erosive and depositional bed-level changes.  At the most landward sensor location the majority of bed-level changes are very small with very few negative changes.  For this sensor, the frequency distribution appears to be positively skewed which explains the trend of gradual accretion observed at this location (see Figure 5).  The largest number of bed-level events are recorded at the middle sensor position (x = 44.2 m).  The smallest number of events are recorded in the upper swash as only the most energetic swashes reach this position around the time of high tide.











3.2	Net Cross-Shore Sediment Fluxes

While measurements of bed-level change at a single point on the beach face are of interest, these changes are the result of local gradients in sediment flux and may not be representative of the wider beachface.  Of greater interest are the net cross-shore sediment fluxes that drive these bed-level changes.  To further investigate the extremely dynamic nature of the evolving beachface morphology and provide data for verification of modelling efforts, it is insightful to examine the large quantities of sand that are episodically eroded or deposited across the beachface by individual swashes.  By integrating the bed-level changes over the 1.9 m x 1.9 m sensor array, the equivalent dry weight of sand (per meter width alongshore) that was deposited or removed landward of any sensor location by all swash events can be calculated.  This technique was used to determine the net cross-shore sediment flux past every bed-level sensor for every recorded swash event, thus allowing both the spatial and temporal distribution of cross-shore sediment flux to be examined.  The sediment volume flux Qv past sensor i (Figure 7) is given by

 (1)	
where sensor n is the first sensor landward of the maximum uprush limit for each swash, z is the measured bed-level change and x is the distance between adjacent bed-level sensors.  The sediment mass flux is then obtained as

	            (2)





Figure 7.  Definition sketch for the calculation of net cross-shore sediment flux using Equation 1.  The solid black line represents the initial bed condition and the dotted red line marks the modified position of the bed after a single swash event.  Sensor in is the first sensor landward of the maximum uprush limit (from Blenkinsopp et al. (submitted).  

Figure 8 presents the percentage occurrence of net cross-shore sediment flux at the three sensors shown in Figure 5(a) during Tide 16.  As with the bed-level change results, it can be observed that for the two most seaward sensors the data are roughly normally distributed with approximately equal numbers of positive (onshore) and negative (offshore) fluxes.  The large majority of measured fluxes are in the range ±10 kg/m/event, indeed for the most landward sensor (x = 38.5 m) over 90% of all fluxes fall in this range.  However, particularly at the lower sensors, some larger fluxes of up to 250 kg/m/event were observed during Tide 16 (though not shown in figure 8 to make best use of the available space).  As with the bed-level changes, the measured net cross-shore sediment fluxes have a marked spatial dependence, with the majority of events being approximately zero or having small positive values in the upper swash.  Lower on the beachface, while most events are relatively small, over 50 events produce fluxes with magnitudes of 50 kg/m/event or more, however these events tend to balance out over time to produce little net morphological change.  As observed by Blenkinsopp et al. (2009), the largest net cross-shore sediment flux from a single swash observed at the high tide surf/swash boundary during the entire experiment was +620 kg/m.  This is of the same order of magnitude as the net flux recorded on a tidal timescale which was seen to vary in the range -1833.5 < Qnet < 1659.6 kg/m/event over the duration of the field experiment.  During Tide 16, over 13,600 kg/m of sediment was observed to move on and offshore past the high tide surf/swash boundary (x = 51.8 m), while the net change over the whole tide was just 900 kg/m.  At the time-scale of successive swashes, no correlation can be identified between the quantities of onshore versus offshore-directed sediment fluxes. However, from Figure 5(b) it is evident that while a large amount of sediment moves over the beachface as a result of swash processes, the landward and seaward movement of this sediment approximately balances, resulting in only minor net morphological change over a 5.5 hour period (Figure 5(b)).


Figure 8. Histogram of the percentage occurrence of net swash-by-swash cross-shore sediment fluxes measured at three locations during Tide 16.

3.3	Energetics Modelling of Net Cross-shore Sediment Flux

To the author’s knowledge, the measurements presented here and by Blenkinsopp et al. (submitted) represent the first attempt to obtain estimates of net cross-shore sediment flux driven by large numbers of individual swashes from high-frequency measurement of morphological change.  It was noted by Puleo & Butt (2006) that this type of data is necessary to provide a suitable dataset against which to test modelling approaches. 

Due to the complexity of swash zone processes, relatively few process-based models of sediment transport exist although progress in this direction are being made (see review by Bakhtyar et al., 2009).  A large number of previous attempts to model swash zone sediment transport are based on the energetics approach developed by Bagnold (1963, 1966) in which it is assumed that a portion of the fluid power delivered to the bed is able to initiate movement and transport sediment grains (e.g. Masselink & Hughes, 1998; Puleo et al., 2003; Butt et al., 2005).

In order to investigate the applicability of this type of model in the swash zone, a comparison was made between the measured values of net cross-shore sediment flux driven by individual swashes and those predicted using an energetics approach based on the measurements of cross-shore swash velocity made using the current meters described in section 2.2.  A more detailed comparison than that presented here has been completed by Blenkinsopp et al. (submitted).





where the subscripts b and s indicate, respectively, bedload and suspended load, Cf is a friction coefficient (Cf = 0.003), u is the depth-averaged cross-shore current velocity measured by the EMCMs, ws is the sediment fall velocity (ws = 0.05 m s-1),  is an efficiency factor (b = 0.135; s = 0.015), tan is the tangent of the internal angle of friction (tan = 0.63) and tan is the bed gradient (tanβ = 0.06). The values for the constants (Cf, b, s and tan) are the same as used by Masselink et al. (2008). The immersed weight transport rate was converted to a mass transport rate Qm (kg m-1 s-1) by using a multiplication factor of ρs/(g(ρs-ρ), where ρs and ρ are sediment and water density, respectively, and g is gravitational acceleration.

To examine the performance of the model, twenty-five ‘free’ swash events in which no swash-swash interactions were apparent were selected.  ‘Free’ swashes were chosen as they were considered to represent the purest type of swash event and it was expected that the complexity introduced by swash interactions may limit the accuracy of the model predictions.  For each of these events, the net cross-shore sediment flux Qm,m past the sensor at x = 51.8 m was calculated using the method presented in section 3.2.  Figure 9 shows a comparison between the measured fluxes, Qm,m and the values computed using equation (3), Qm,p.  It is clear from this figure that even for these simple ‘free’ events, the model does a poor job of predicting net cross-shore sediment flux from individual swashes.  The range of flux magnitudes predicted by the energetics approach is an order of magnitude smaller than that measured in the field and the model only predicts the correct transport direction for 60% of the swash events under examination.

A more detailed evaluation of parametric modelling approaches using the measurements of net cross-shore sediment flux made during the Truc Vert experiment is presented by Blenkinsopp et al. (submitted).  However the results shown here suggest that the use of energetics based models in the swash zone is problematic and new sediment transport formulations may be required (Puleo & Butt, 2006).






This paper presents some of the first estimates of net cross-shore sediment flux driven by large numbers of individual swashes derived using high-frequency measurements of morphological change.  

The results demonstrate that net cross-shore sediment flux and corresponding bed-level change is spatially dependent.  The upper swash zone is characterised by small onshore sediment fluxes leading to gradual accretion around the runup limit.  The measured sediment fluxes in the mid and lower swash zone are approximately normally distributed and a wider distribution of flux magnitudes are observed.  At these locations, large quantities of sediment (up to 620 kg/m) can be moved on and offshore by single swashes leading to significant, short term morphological change.  However these large, short term positive and negative changes tend to balance out through some combination of negative feedback and short-term process dampening and beachface morphological change is generally relatively gradual at the tidal timescale.
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